Uridine-5#-monophosphate synthase (UMPS), the critical step of the de novo pyrimidine biosynthesis pathway, which is a housekeeping plastid process in higher plants, was investigated in a marine diatom, the most crucial primary producer in the marine environment. A mutagenesis using an alkylation agent, N-ethyl-N-nitrosourea, was carried out to the marine diatom Phaeodactylum tricornutum. Cells were treated with 1.0 mg mL 21 N-ethyl-N-nitrosourea and were screened on agar plates containing 100 to 300 mg L 21 5-fluoroorotidic acid (5-FOA). Two clones survived the selection and were designated as Requiring Uracil and Resistant to FOA (RURF) 1 and 2. The 50% effective concentration of 5-FOA on growth of RURF1 was about 5 mM, whereas that in wild-type cells was 30 mM. The ability to grow in the absence of uracil was restored by a P. tricornutum gene that potentially encoded UMPS or the human umps gene, HUMPS. Because the P. tricornutum gene was able to restore growth in the absence of uracil, it was designated as ptumps, encoding a major functional UMPS in P. tricornutum. RNA interference to the ptumps targeting the 5# region of ptumps resulted in the occurrence of a clear RURF phenotype in P. tricornutum. This RNA interference phenotype was reverted to the wild type by the insertion of HUMPS, confirming that the ptumps encodes UMPS. These results showed direct evidence of the occurrence of novel-type UMPS in a marine diatom and also revealed the potential usage of this gene silencing and complementation system for molecular tools for this organism.
Diatoms are an abundant and diverse group of microalgae that are ubiquitous in marine and freshwater environments (Werner, 1977) . It has been shown that marine diatoms are responsible for about one-fifth of global primary production (Tréguer et al., 1995; Falkowski et al., 2000) , indicating that they play critical roles in the global circulation of carbon and other elements. This relatively recent discovery of the importance of marine diatoms was followed by determinations of whole genome sequences of the marine diatoms Thalassiosira pseudonana and Phaeodactylum tricornutum (Armbrust et al., 2004; Bowler et al., 2008) . Due to the comparative analysis of these sequences, it was shown that diatom genomes are mixtures composed of a wide range of gene sequences related to those in animals, green algae, red algae, alfaproteobacteria, and Chlamydia as well as many other genes unique to diatoms (Montsant et al., 2005; Moustafa et al., 2009 ). This indicated that diatom genomes have evolved through redundant symbiotic events and established a unique combination of genome structures and metabolisms, which presumably occurred generally in evolutionary histories of the Chromalveolates supergroup (Keeling, 2004) .
The de novo pyrimidine biosynthesis pathway consists of six emzymatic reactions that react from relatively simple substrates, HCO 3 2 , Asp, ATP, and Gln, to make UMP. This pathway functions as a housekeeping process that is essential for the production of uracil and conserved in all species of living organisms so far examined (Zrenner et al., 2006) . In nonphotosynthetic eukaryotes, the de novo biosynthesis process occurs in the cytosol (Jones, 1980) except for the dihydroorotate dehydrogenase process, which occurs on the outer side of the inner mitochondrial membrane (Chen and Jones, 1976; Jones, 1980) . In higher plants, similarly, dihydroorotate dehydrogenase seems to be localized at the surface of the inner mitochondrial membrane (Minet et al., 1992; Giermann et al., 2002) , but in contrast to the nonphotosynthetic eukaryotes, all other enzymes were localized in the plastid (Zrenner et al., 2006) . This knowledge indicated that the de novo pyrimidine biosynthesis pathway in plants is deeply linked to photosynthetically accumulated sugar phosphates, amino acids, and ATP in the stroma.
Many uracil auxotrophic mutants, which have a genetic lesion in the uracil biosynthesis pathway, have been isolated in yeast (Bach and Lacroute, 1972) . Uracil auxotrophic mutants with a targeted genetic lesion at a couple of biosynthesis pathways immediately upstream UMP ( Fig. 1) were isolated by using 5-fluoroorotic acid (5-FOA), an analog of orotate (Boeke et al., 1984) . When the pathway from orotate to 5#-UMP operates, cells synthesize the lethal inhibitor for thymidylate synthetase, 5-fluorouracil, in the presence of 5-FOA as a precursor (Fig. 1) , whereas cells can survive on 5-FOA when the pathway is impaired if uracil is supplied from the medium (Jund and Lacroute, 1972) . In yeast, this pathway comprises orotate phosphoribosyl transferase (OPRT) encoded by the ura5 gene (Lacroute, 1968) and orotidine-5#-phosphate decarboxylase (ODC) encoded by the ura3 gene (Fig. 1, A and B; Lin and Suttle, 1993) . Using this screening system with 5-FOA, a number of ura3 or ura5 mutants have been isolated from yeast (Bach and Lacroute, 1972) , Escherichia coli (Lin and Suttle, 1993) , the sulfurdependent thermophile archeon, Sulfolobus acidocaldarius (Kondo et al., 1991) , and the fungus Histoplasma capsulatum (Worsham and Goldman, 1988) . In many higher eukaryotes, such as mammals and higher plants, these two enzymes exist as bifunctional proteins, UMP synthase (UMPS; Jones, 1980) , which catalyzes transferase and decarboxylase reactions with one polypeptide. Uracil auxotrophy can be genetically complemented by introduction of the exogenous genes that encode OPRT and/or ODC or the genes that encode UMPS. The technical usefulness of the complementation system of uracil auxotrophy has been demonstrated in many situations of molecular genetics. That is, the complementation is often utilized for the screening marker of insertional mutagenesis in yeast (Alani et al., 1987) and the fungi Candida albicans (Lay et al., 1998) and H. capsulatum (Worsham and Goldman, 1990) . On the other hand, little is known about pyrimidine biosynthesis pathways in Chromalveolates, which are a group of eukaryotes far distant from Unikonts and Plantae (Keeling, 2004) , and most of secondary endosymbionts including diatom species belong to this family (Keeling, 2004) . Genes for the biosynthesis pathway for uracil are not identified in diatoms; thus, their localizations and relation to bioenergetic pathways are totally unknown.
Despite the accomplishment of genome sequencing, molecular tools to take advantage of the genomic information in diatoms are still lacking. Diatom cells can be transformed with microprojectile bombardment (Dunahay et al., 1995; Apt et al., 1996; Poulsen and Chesley, 2006) , and it was demonstrated that DNA fragments introduced into the cells of diatoms are usually integrated into the nuclear genome randomly (Dunahay et al., 1995) . The transformation system of marine diatoms so far accommodates very limited numbers of selection markers, which in turn limits the potential of molecular genetics approaches in diatoms. At present, in P. tricornutum, only three antibiotics are shown to suppress the growth of cells, that is, zeocin, neuseothrisin, and G418, which are respectively neutralized by the selection marker genes Streptoalloteichus hindustanus bleomycin resistance protein (sh ble), nourseothricin acetyl transferase (nat), and neomycin phosphotransferase II (nptII; Zaslavskaia et al., 2000) . For these marker systems to function in seawater, higher concentrations of antibiotics were needed, because these drugs are less effective under high-salt conditions (Falciatore et al., 1999; Zaslavskaia et al., 2000) . Among these, the selection marker system with zeo- cin/sh ble is relatively stable in seawater and has been used most frequently. No selection marker other than those based upon antibiotics is established in diatoms. The development of potential genetics tools using nutrient auxotrophic mutants has not been done with diatoms. This is partially due to the difficulties of chemical mutagenesis in diatoms, as diatoms usually exist in a diploidal life stage (Geitler, 1935) . Genesilencing techniques are still at an initial stage of use in diatoms, although it was demonstrated that a complete machinery of RNA interference (RNAi) likely exists, and RNAi was indeed operated successfully in a few gene expression assays in P. tricornutum (De Riso et al., 2009) .
In this study, uracil auxotrophic mutants, which may lack the biosynthesis pathway of UMP from orotate, were isolated from mutagenized cells of the marine diatom P. tricornutum, and molecules that participate in the de novo uracil biosynthesis pathway in diatom cells were investigated.
RESULTS

Mutagenesis and Screening of a Uracil Auxotrophic Mutant of P. tricornutum
Wild-type cells of P. tricornutum treated with 1, 2, 3, and 4 mg mL 21 N-ethyl-N-nitrosourea (ENU) showed relative colony-forming units of 0.73, 0.56, 0.46, and 0.26, respectively, compared with those of nontreated cells ( Fig. 2A) . ENU at 1 mg mL 21 gave about 25% lethality, which seemed to damage DNA moderately, and thus was used for the following mutagenesis experiments.
To determine the minimum inhibitory concentration of 5-FOA on the growth of wild-type P. tricornutum, cells were spotted as plaques on artificial seawater supplemented with half-strength Guillard's f solution (F/2ASW)-agar plates and cultured for 2 to 3 weeks. 5-FOA showed a strong growth inhibition at 100 mg L 21 (Fig. 2B) , and the inhibitory effect became stronger when cells were exposed to 200 and 300 mg L 21 5-FOA (Fig. 2B ). According to these results, 5-FOA at 100 mg L 21 was concluded to be around the minimal sufficient concentration to suppress growth and thus was used for the initial screening of uracil auxotrophic mutants.
About 4 (Fig. 2D ). But cells of RURF1 and -2 did not grow in the ordinary F/2ASW (Fig. 2D) (Fig. 2D) , respectively, but wild-type cells did not grow under the same condition (Fig. 2, C and D) .
Characterization of RURF Mutants
Wild-type and RURF1 cells were cultured in the presence of various concentrations of 5-FOA (Supplemental Fig. S1 ), and growth rates of cells were plotted as a function of 5-FOA concentrations (Fig. 3) . Growth rates of both wild-type and RURF1 cells were inversely correlated to 5-FOA concentrations (Fig. 3 ). RURF1 cells required about 8 mM 5-FOA for complete inhibition of growth (Fig. 3B ), whereas growth of wildtype cells was halted with 0.1 mM 5-FOA (Fig. 3A) . The 50% effective concentration (EC 50 ) of 5-FOA on growth of wild-type and RURF1 cells was calculated from Figure 3 . In wild-type cells, the EC 50 value was about 35 mM, whereas that in RURF1 cells was calculated to be about 4.5 mM, indicating that RURF1 cells are insensitive to 5-FOA by more than 2 orders of magnitude as compared with wild-type cells (Table I) .
A Putative Gene Encodes UMPS in P. tricornutum, ptumps A putative ura5-type gene, which might encode a UMPS in P. tricornutum, was retrieved from the genome database. cDNA of this putative umps gene was isolated and designated as ptumps. The deduced amino acid sequence of the ptumps product, PtUMPS, is shown in Figure 4 with that of the human UMPS, HUMPS. The ptumps cDNA comprised 1,557 bp, which encodes a putative PtUMPS sequence of 518 amino acids (Fig. 4A) , and showed little homology to HUMPS (Fig. 4A) . However, the sequence of PtUMPS was found to possess two critical domains for UMPS, OPRT and ODC domains (Fig. 4A) , and primary structures of these two domains were significantly conserved between PtUMPS and HUMPS (Fig. 4 , A and B). Many UMPS so far identified have an OPRT domain at the N-terminal side and an ODC domain at the C-terminal side (Fig. 4 , A and B), but in PtUMPS, the putative ODC domain was shown to be located at the N-terminal side and the OPRT domain at the C-terminal side (Fig. 4 , A and B). Such inverted alignments of these domains were also observed in umps genes in Kinetoplastae, Parabodo caudatus and Trypanosoma brucei (Fig. 4B) , and Oomycetes, Phytophthora sp. (Supplemental Fig. S2 ). All UMPS shown in Figure 4B have the conserved amino acids DTG for the domain of purine/pyrimidine phosphoribosyl transferase (PPRT; which includes OPRT) and DKDIT for the ODC domain (Fig. 4B , highlighted black). The amino acid sequences E/D and adjacent D in the PPRT domain and DKDT in the ODC domain (Fig. 4B , asterisks) were reported to be necessary for activities (Hershey and Taylor, 1986; Kimsey and Kaiser, 1992) .
Phylogenetic analysis for these two domains indicated that such an inverted order of OPRT and ODC domains in the UMPS sequence is specifically observed in classes of Oomycetes and Kinetoplastea that belong to the supergroups Chromalveolates and Excavates, respectively (Supplemental Figs. S2 and S3) . The OPRT domain of PtUMPS likely belongs to a subclade closely related to Oomycetes but distant from that of mammals and Kinetoplastea (Supplemental Fig. S2 ). In contrast, the ODC domain of PtUMPS seemed to constitute a unique clade with those from both Oomycetes and Kinetoplastides (Supplemental Fig. S3 ).
Complementation of Uracil Auxotrophy of RURF1 Cells by Insertion of umps Genes
Either the HUMPS or the ptumps gene was introduced into RURF1 cells using pFcpAptumps or pFcpAphumps vector, respectively. Transformed cells were initially screened on F/2ASW-agar plates containing 100 mg L 21 zeocin and 50 mg L 21 uracil. Due to the bleomycin-resistant gene, sh ble, which was equipped in the vectors, 60 and 82 colonies survived on the zeocin plate out of 10 8 potential mutant cells, transformed by pFcpApptumps and pFcpAphumps vectors, respectively, at the initial screening. Of these zeocin-resistant clones, 16 and 19 clones were found to express PtUMPS and HUMPS, respectively, and revealed an apparent reverted phenotype from uracil auxotrophy. In contrast, none of 87 zeocin-resistant clones, which were transformed with pPha-T1 without the umps gene, revealed a reverted phenotype from uracil auxotrophy. Cells of the wild type, RURF1, and revertants with pFcpApptumps or pFcpAphumps were cultured in ordinary F/2ASW without or with added 200 mg L 21 5-FOA and 50 mg L 21 uracil. Two revertants grew in the ordinary F/2ASW with rates of 0.64 and 0.70 doubling d 21 , which is equivalent to that of wild-type cells, whereas RURF1 cells did not grow in the same medium (Fig. 5A) . In sharp contrast to the growth characteristics in the ordinary F/2ASW, the growth of wild-type cells and revertants expressing PtUMPS or HUMPS was severely suppressed in the presence of 5-FOA, whereas RURF1 cells showed growth at a rate of 0.45 doubling d 21 , which was due to its tolerance to 5-FOA in the presence of uracil (Fig.  5B) . Figure 6 shows transcript levels of ptumps and HUMPS in wild-type cells, RURF1 cells, and three clones of each revertant. Transcript levels of the ptumps gene were significantly lower in RURF1 cells and in revertants expressing HUMPS than in wild-type cells and revertants expressing PtUMPS (Fig. 6A) . The HUMPS transcript occurred only in revertants with the pFcpAphumps (Fig. 6A) . These experiments clearly demonstrated that the phenotype of RURF1 was reverted by the introduction of either ptumps or HUMPS. To investigate the reason for the decrease in the ptumps transcript in RURF1 cells, PCR amplification and the sequencing of the full-length open reading frame (ORF) of the ptumps gene (1,957 bp) were carried out to the genomic DNA of P. tricornutum (Fig. 6B) . Sequence analysis of the ptumps ORF in wild-type DNA clearly showed an occurrence of relatively frequent single nucleotide polymorphisms (SNPs) between alleles; that is, 16 nucleotides repeatedly revealed doublet peaks (Fig. 6B, asterisks) . In contrast, the ptumps sequence of RURF1 DNA did not possess any of these 16 SNPs (Fig. 6B, asterisks) . Besides the fulllength amplification of the ORF (1-1,957), inner sequences of the ptumps ORF in the RURF1 genome were also amplified with two sets of primers targeting nucleotides 1,008 to 1,593 and 312 to 1,603. In any case, Figure 4 . Comparison of amino acid sequences of UMPS, PPRT, and ODC. A, Amino acid sequences of PtUMPS and HUMPS. PPRT and ODC domains are highlighted in gray and black, respectively. B, Comparison of PPRT and ODC catalytic sites from different origins. Putative catalytic sites of UMPS in P. tricornutum (GenBank accession no. BAH85310) were compared with those from the marine diatom T. pseudonana (XP_002293323), Chlamydomonas reinhardtii (XP_001689750), Cyanidioschyzon merolae (BAD24848), Arabidopsis thaliana (NP_680130), E. coli (AP_004149 for PPRT and AP_001907 for ODC), T. brucei (XP_845051), P. caudatus (BAD88795), Schizosaccharomyces pombe (NP_595495 for PPRT and NP_587705 for ODC), Homo sapiens (AAH07511), Mus musculus (NP_033497), Drosophila melanogaster (NP_524427), and Xenopus laevis (NP_001088036). Asterisks indicate amino acids known to be crucial for activities of PPRT and ODC. The exclamation point indicates the organism in which only the PPRT domain was found on the genome database. Pound signs indicate organisms that possess PPRT and ODC independently. SNP was not detected (data not shown), strongly suggesting a partial or a total lack of one of the ptumps alleles.
Establishment of the RURF Phenotype by RNAi
Occurrences of chemically induced RURF phenotype and successful complementation of the phenotype by single gene insertion of the ptumps or the HUMPS gene strongly suggested that ptumps encoded a functional UMPS and that umps genes from distant origin can also work in P. tricornutum. These facts prompted us to obtain the RURF phenotype by silencing the ptumps gene by RNAi technique. The vector pFcpApptumpsRNAi1, which had an RNAi fragment for the 5#-terminal region of the ptumps cDNA (Fig. 7A) , was introduced into wild-type cells of P. tricornutum. Transformed cells were (Fig. 7B) . Figure 8A indicates transcript levels of ptumps in wild-type cells, RURF1, and the transformant with pFcpApptumpsRNAi1 (ptumps-i). The transcript level of ptumps was undetectable in the ptumps-i cells, in sharp contrast to that in wild-type cells (Fig. 8A ).
Complementation of ptumps-i Cells by Insertion of the HUMPS Gene
The HUMPS gene was introduced into ptumps-i cells using pFcpAphumps vector, which is equipped with a zeocin-resistant cassette. Transformed cells were initially screened on 100 mg L 21 zeocin and 50 mg L 21 uracil. Sixteen clones out of 10 8 cells survived on the initial screening. After inoculating to a minimal F/ 2ASW-agar plate with zeocin, four clones revealed a clear wild-type phenotype, which did not require uracil and was sensitive to 5-FOA. These revertant cells were transferred to liquid medium of minimal F/ 2ASW without or with added 200 mg L 21 5-FOA and 50 mg L 21 uracil. Revertants (ptumps-i-HUMPS) grew in the ordinary F/2ASW with an equivalent rate to that of wild-type cells, whereas RURF1 cells and ptumps-i cells failed to grow (Fig. 8B) . In sharp contrast to this, the growth of wild-type cells and the ptumps-i-HUMPS cells was severely suppressed in the presence of 5-FOA, whereas RURF1 and ptumps-i cells showed clear tolerance to 5-FOA in the presence of uracil (Fig. 8C) .
DISCUSSION
Chemical mutagenesis induced by ENU in this study successfully allowed us to obtain two RURF mutants, but the frequency of mutation was extremely low. We tentatively ascribe this low mutation ratio to the ploidy of diatom cells in the experimental culture. Although sexual reproduction processes have been observed microscopically in some diatoms, the experimental condition to control the sexual cycle and ploidy is not established in diatoms (Armbrust, 2009 ). In P. tricornutum, it was suggested that the cells did not represent an alteration of ploidy (Darley, 1968) , and the cells seem to spend most of their life cycle as a diploid (Geitler, 1935) . In fact, sequence of the ptumps ORF of wild-type cells in this study strongly suggested that cells at exponential growth phase possess two different alleles of ptumps (and thus are heterozygous; Fig. 6B ). In this study, we always used cells at the exponential growth phase, which most probably are at a diploidal stage. It is thus probable that the low mutation efficiency (2.0 3 10 26 ) in this study could be due to the diploidal state of the diatom chromosome in experimental culture.
The results of this study indicated that UMPS activity in RURF1 cells is largely defective, but the cells still have a sensitivity to 5-FOA that is about 150 times lower than that of wild-type cells. This implies that RURF1 cells maintain the activity to produce trace amounts of 5#-UMP from orotate. Indeed, transcript levels of the ptumps in RURF1 cells were significantly lower than those of wild-type cells, but they still existed (Fig. 6A) . The comparison of ptumps ORF se- quences between genomic DNA from wild-type and RURF1 cells strongly suggested deletion of the total or a partial sequence of one of the alleles of ptumps in the RURF1 mutant (Fig. 6B) . ENU is known to be a strong alkylation agent and thus causes primarily single nucleotide mutations, but it was also pointed out that ENU treatment can cause a large deletion of genomic DNA (Liu et al., 2003) . It is thus probable that a deletion induced by ENU in ptumps on one chromosome resulted in a decrease in the transcript level. The ptumps sequence remaining in the RURF1 genome did not match, with respect to the 16 SNPs, with the ptumps cDNA, which we have obtained from mRNA in wild-type cells in this study. This indicates that the obtained cDNA is encoded by the first allele, which was deleted by ENU in RURF1 cells. The product of this cDNA was shown to be an active PtUMPS in this study. On the other hand, it is unclear whether the PtUMPS encoded in the second allele, which remained in the RURF1 genome, is fully functional. Six amino acids in the deduced polypeptide sequence were changed by the SNPs (data not shown). Although these six amino acid replacements occurred at locations distant from either the ODC or OPRT domain (data not shown), the remarkable difference in 5-FOA tolerance between wild-type and RURF1 cells may suggest that PtUMPS encoded by the second allele might be functionally defective. There are also possibilities of occurrences of mutations in the promoter region of ptumps and also in genes that encode transacting factors for the ptumps promoter; however, these aspects remain untested. The entire sequence of PtUMPS did not resemble those identified in higher eukaryotes and yeast but showed about 40% similarities with those in the Bodonid, P. caudatus, and the Kinetoplastid, T. brusei, and about 50% with those in the Oomycetes, Phytophthora sojae and Phytophthora ramorum. However, the putative ODC (99-111) and PPRT (422-434) domains independently showed significant similarities to ODC and PPRT domains in known UMPSs, which are conserved among Plantae and Unikonts ( Fig. 4 ; Hershey and Taylor, 1986; Kimsey and Kaiser, 1992) . Nonetheless, the relative locations of ODC and OPRT within the ORF are flipped in PtUMPS compared with those in animals and some eukaryotes ( Fig. 4B ; Supplemental Figs. S2 and S3 ). This order of domain allocation was also observed specifically in Oomycetes and Kinetoplastea ( Fig. 4B ; Supplemental Figs. S2 and S3; Gao et al., 1999) . These results strongly suggested that the ptumps encodes bifunctional UMPS, which catalyzes two-step reactions from orotate to 5#-UMP by a single enzyme and is evolutionarily close to those in Excavates and other Chromalveolates. However, the resemblance of key amino acids required for the active centers of ODC and OPRT with those in far distant eukaryotic groups, Unikonts and Plantae, implies that these domains are not the result of a convergent evolution but rather have undergone an independent merge process of ancestral ura3-and ura5-type genes. The data in Figures 5 to 7 unequivocally show that PtUMPS is the enzyme that primarily works for de novo UMP biosynthesis in P. tricornutum. In higher plants, it is believed that de novo pyrimidine synthesis mainly occurs in the plastid, partially using the mitochondrial system on its way (Zrenner et al., 2006) , and the UMPS precursor possesses a plastid transit sequence at its N terminus; thus, the final two steps of 5#-UMP synthesis again occur in the plastids (Zrenner et al., 2006) . In higher plants, although the detailed regulatory mechanism of pyrimidine biosynthesis is unsolved, this process probably uses photosynthetically accumulated sugar phosphates via the oxidative pentose phosphate pathway, amino acids, and ATP in plastids. In contrast to the case of higher plants, the PtUMPS sequence deduced from the full-length ptumps gene did not have any signals to localize in the chloroplast (Fig. 4A) , which was previously shown to comprise combined targeting sequences of endoplasmic reticulum signal overlapped with short chloroplast transit at the endoplasmic reticulum signal cleavage site (Gruber et al., 2007) . PtUMPS was thus predicted to be localized in the cytosol of P. tricornutum in this study (data not shown). The HUMPS sequence (Fig. 4A) either did not possess any notable targeting signal to mitochondria or secretion pathway in human cells and thus is thought also to complement the function of PtUMPS in the cytosol when expressed in P. tricornutum. The equivalent function of PtUMPS and HUMPS in P. tricornutum cells was well demonstrated in this study, and these results and estimates of localizations strongly suggest that at least late steps of the de novo pyrimidine biosynthesis pathway in diatoms likely occur in the cytosol and not in the plastid, resembling the system in nonphotosynthetic eukaryotes. The possibility of the participation of the mitochondrial system to pyrimidine biosynthesis in diatoms is not known. Although candidates for other steps of the de novo pyrimidine biosynthesis pathway in P. tricornutum are unknown, and thus the localization of the entire de novo pathway of pyrimidine biosynthesis is yet unclear, the results of our study suggest a significant difference in the regulation of the supply of uridine nucleotide in diatoms compared with that of higher plants, which may also suggest differences in modes of biosynthesis of polysaccharides, lipids, and secondary metabolites in diatoms. It was recently predicted from genome database analysis that P. tricornutum cells, most probably lacking in the complete oxidative pentose phosphate pathway in the plastid and cytosolic oxidative pentose phosphate pathway, might take part in the replenishment of stromal pentose phosphates and nucleotides (Kroth et al., 2008; Ast et al., 2009) . The occurrence of UMPS in the cytosol agreed with the model that the cytosol is the main source of pentose phosphate supply in P. tricornutum.
The function of PtUMPS as primary UMPS in P. tricornutum was further confirmed by the targeted gene silencing of the endogenous ptumps by RNAi, which completely wiped out ptumps transcript from P. tricornutum cells (Fig. 8) and resulted in the emergence of a clear RURF phenotype (Fig. 7) . In a recent study, the occurrence of RNAi machinery in diatoms was shown clearly in P. tricornutum, although it was pointed out that the molecules involved in RNAi in diatoms were not very similar compared with those in other eukaryotes (De Riso et al., 2009) , suggesting strongly that the machinery involved in RNA silencing in marine diatoms has undergone significant diversification. De Riso et al. (2009) also showed that levels of transcripts and protein products of silenced genes did not necessarily correspond; in fact, the transcript often even increased higher than that in wild-type cells no matter how the protein level significantly decreased. Together with the remaining uncertainty of the molecular components of the RNA silencing system in diatoms, the interfering point after transcription of mRNA is not yet clear. However, in the particular case of the ptumps RNAi in this study, using the invertedloop construct targeting about 300 bp at the 5# terminus of the coding region of the ptumps mRNA, silencing was likely performed efficiently to reduce the accumulation levels of the ptumps transcript (Fig. 8) . The transformation ratio, counted by the emergence of the RURF phenotype (16 clones out of 10 28 possible transformants) as a result of silencing of the ptumps mRNA, was considerably efficient, only slightly lower than ordinary gene insertional transformation using the zeocin-resistant selection marker in P. tricornutum, suggesting that this RNAi system could be a new transformation marker system. Because RURF phenotypes induced by RNAi have been maintained stably for more than 12 months, the complementation system of ptumps-i by HUMPS could also be a feasible system for a transformation marker. UMPS genes from many different origins could be used to complement the RURF phenotype. In this study, the HUMPS gene was codon optimized prior to the introduction to cells, and this enzyme seemed to work quite efficiently. P. tricornutum cells usually accept a wide spectrum of exogenous genes. We did not evaluate the effect of the codon optimization applied in this study by comparing with nonoptimized HUMPS, but quality and choice of UMPS genes could be significant factors to alter the efficiency of this phenotypic complementation.
CONCLUSION
This study clearly revealed strong evidence that the ptumps encodes a bifunctional enzyme, UMPS, which possesses a sequence that seems to be unique among Chromalveolates and Excavates. The biosynthesis location of UMP seemed to be the cytosol in diatoms, which may resemble the heterotrophic eukaryote system and may confer on diatom cells a unique mode of uridine nucleotide supply and synthesis mechanisms of photosynthetic storage compounds. The results of this study also revealed the strong possibility of usage of these silencing and reverting systems of UMPS as new transformation markers for P. tricornutum. Since limitation in the choice of transformation marker systems in marine diatoms is one of the bottlenecks of extensive molecular genetics approaches in this interesting photoautotroph, which is extremely relevant to global primary production and one of the most feasible biofuel sources, the results of our study will expand the possibility to introduce or silence a set of biochemical systems in diatom cells.
MATERIALS AND METHODS
Cells and Culture Conditions
The marine diatom Phaeodactylum tricornutum (UTEX 642) was obtained from the University of Texas Culture Collection of Algae and grown in F/ 2ASW (Guillard and Ryther, 1962; Harrison et al., 1980) 
where G is growth rate, T is OD 730 at a time point on the logarithmic growth phase, and T 0 is OD 730 24 h prior to T. EC 50 values were determined as concentrations of 5-FOA that gave a half-maximum growth inhibition.
Phylogenetic Analysis of OPRT and ODC
Phylogenetic trees of PPRT and ODC domains were constructed on a base of about 60 amino acids around each domain by the neighbor-joining method using ClustalX (Thompson et al., 1997) . UMPS, PPRT, and ODC proteins from different origins were selected, and amino acid sequences of PPRT or ODC domains were related. Sequence information is indicated in Supplemental Table S1 .
With some proteins that possess putative and identified OPRT and ODC domains, sequences of OPRT and ODC from the diatoms Thalassiosira pseudonana and P. tricornutum were aligned. Sequence information of putative diatom enzymes was obtained at the Joint Genome Institute database (http:// genome.jgi-psf.org). The sequences aligned with diatom UMPS catalytic domains of each protein were found using the Pfam database (http://pfam. sanger.ac.uk/).
Cloning of the umps Genes
Total RNA was extracted from wild-type cells of P. tricornutum grown under 5% CO 2 condition using the RNeasy Plant Mini Kit (Qiagen). 5# RACE and 3# RACE techniques were carried out using the SMART RACE cDNA Amplification Kit (TaKaRa Bio). Two sets of primers were designed based upon genomic DNA and EST database (primary primer 5#-AGTCCCAAT-GAACTCTCGGTCTGCTGA-3# and nested primer 5#-TCTGCTGAGCC-CATTCCGAGCCAAC-3# for 5# RACE, or primary primer 5#-TGCTATGG-TTTGGGTGCAGACTGTGT-3# and nested primer 5#-TGGGTGCAGACT-GTGTCACGCTTTC-3# for 3# RACE), and a universal primer mixture that contained 0.2 mM long primer (5#-CTAATACGACTCACTATAGGGCAAG-CAGTGGTATCAACGCAGAGT-3#) and 2 mM short primer (5#-CTAATAC-GACTCACTATAGGGC-3#), provided by the manufacturer, was used. The amplified cDNA fragment was ligated into a pT7Blue vector (Merck) and sequenced. Total RNA was extracted from human hepatoma cells, and hep3B with Isogen (Nippon Gene). After treatment with DNase, total RNA was reverse transcribed to cDNA using an RNA PCR kit (TaKaRa Bio). The HUMPS cDNA was amplified by PCR using two primers with attached EcoRI and XbaI sites at the 5# termini of the forward (fw) primer (5#-GGAATT-CATGGCGGTCGCTCGTGCAG-3#) and reverse (rv) primer (5#-GCTCTA-GATCAAACACCAAGTCTACTCA-3#), respectively.
umps Gene Constructs for Phenotypic Complementation
The PCR products of ptumps was packaged into the EcoRV site of the transformation vector pPha-T1 (Zaslavskaia et al., 2000) , and this vector plasmid was designated as pFcpApptumps. The PCR product of HUMPS was packaged into EcoRI and XbaI sites of the pT7 Blue vector (Novagen). The HUMPS gene possessed rare codons of P. tricornutum for three Leu residues: that is, TTA for Leu-57, Leu-120, and Leu-273. To optimize these TTA codons to TTG, which is frequently used in P. tricornutum, three sets of primers were designed to perform single nucleotide replacement by inverse PCR. The primers used were Leu 57 fw (5#-CAGATATTTTGTTCCAAACTGCCCAAA-ATGC-3#), Leu 57 rv (5#-GCATTTTGGGCAGTTTGGAACAAAATATCT-3#), Leu 120 fw (5#-GGAGAAACCTGTTTGATCATTGAAGATGTTGTC-3#), Leu 120 rv (5#-GACAACATCTTCAATGATCAAACAGGTTTCTCC-3#), Leu 273 fw (5#-GCAGCTAGCAGATGCTTTGGGACCTAGTAT-3#), and Leu 273 rv (5#-ATACTAGGTCCCAAAGCATCTGCTAGCTG-3#).
The optimized HUMPS was cut by EcoRI and XbaI from pT7 Blue vector and inserted between EcoRI and XbaI sites of pPha-T1. This vector was designated as pFcpAphumps.
The transformation vectors pFcpApptumps and pFcpAphumps were introduced into RURF1 cells by microprojectile bombardment using the Biolistic Particle Delivery System PDS-1000 (Bio-Rad). Approximately 10 8 cells were plated as a plaque of 2.5-cm diameter on the surface of the F/ 2ASW-agar plate. Five hundred micrograms of tungsten microcarrier (1.1 mm particle size) was coated with approximately 1 mg of plasmid DNAs of purified pFcpApptumps or pFcpAphumps with 1 M CaCl 2 and 16 mM spermidine. The bombardment was carried out at 1,550 p.s.i. under a negative pressure of 91.4 kPa with a target distance of 6 cm. Bombarded cells were healed for 1 d in the dark and then suspended to 0.3 mL of F/2ASW, plated onto F/2ASW-agar plates without or with added 100 mg L 21 zeocin (Invitrogen) and 50 mg L 21 uracil, and allowed to form colonies for 3 to 4 weeks at 20°C under continuous illumination of PPFD of 50 mmol m 22 s 21 .
Semiquantitative Reverse Transcription-PCR
Total RNAs were extracted from wild-type cells and transformants as described above. Total RNA (1.0 mg) was reverse transcribed using oligo(dT) 20 primer (Toyobo) and reverse transcriptase, Revertra Ace (Toyobo), to form single-stranded cDNA. To amplify the ptumps and HUMPS cDNAs, two sets of fw and rv primers, ptumpsfw (5#-TCAATTTTGATGTGATTTTTGG-TCCTGC-3#) and ptumpsrv (5#-TTACACTCCGTATTCGTTTCGAT-3#) and HUMPSLeu273changefw (5#-GCAGCTAGCAGATGCTTTGGGACCTAGTAT-3#) and HUMPSrv (5#-GCTCTAGATCAAACACCAAGTCTACTC-3#), were used for semiquantitative reverse transcription (RT)-PCR. To standardize the levels of the transcript, the glyceraldehyde-3-phosphate dehydrogenase gene (GapC2) was also amplified by RT-PCR using primers GapC2fw (5#-GGACGATCT-TCCTTGGCAAACTTGATTC-3#) and GapC2rv (5#-CGTCTTCGGTGTATCC-GAGAATACCCTT-3#). PCR products were separated by electrophoresis on 1% agarose gels with Tris-borate/EDTA buffer and 0.05% ethidium bromide, and the band was visualized by Molecular Imager FX (Bio-Rad).
PCR Amplification of the ptumps ORF from Genomic DNA Genomic DNA was extracted from wild-type and RURF1 cells of P. tricornutum grown in air. Cells in 50 mL of culture at midlog phase were harvested, resuspended in 1 mL of extraction buffer (20 mM Tris-HCl, pH 8.0, 50 mM EDTA, 0.1 M NaCl, 0.15% [w/v] proteinase K, and 3% [w/v] SDS), and incubated at 55°C for 3 h. At the end of incubation, the extraction mixture was chilled on ice for 5 min, and 5 M sodium acetate (pH 8.7) was added to a final concentration of 0.75 M. The solution was settled for 1 h on ice and centrifuged at 13,000g and 4°C for 10 min. Supernatants were transferred to a new tube and mixed gently with an equal volume of water-saturated phenol:chloroform (1:1) and then centrifuged at 13,000g and 4°C for 15 min. The aqueous phase was subjected to isopropanol precipitation, and the obtained pellet was washed in 70% ethanol, dried, and resuspended in 200 mL of TE buffer (10 mM Tris-HCl, pH 8.0, and 2 mM EDTA) with about 60 units of RNaseA (Wako). The ORF of the ptumps gene was amplified by PCR using two primers, ptumpsfw (5#-ATGGCCACCCCCTCTTTTCGATCA-3#) and ptumpsrv (5#-TTACACT-CCGTATTCGTTTCGAT-3#), with 100 ng of genomic DNA as a template. The resulting PCR products were separated by electrophoresis, extracted from the agarose gel, and sequenced.
RNAi Constructs for Silencing the ptumps
Two fragments of the ptumps gene were amplified by PCR from the pFcpApptumps using the following primers: ptumps sense fw (5#-GGAATT-CATGGCCACCCCCTCTTTT-3#), which contained an EcoRI site; ptumps anti fw (5#-GACTAGTGACATCCAACAAAATCGGC-3#), which contained an SpeI site; ptumps sense rv (5#-GACTAGTGATTTGACGTTTTGCACAGCA-3#), which contained an SpeI site; and ptumps anti rv (5#-CCGGTACCATGGC-CACCCCCTCTTTT-3#), which contained a KpnI site. A 485-bp sense fragment including the ptumps gene sequence from 1 to 473 bp was obtained with ptumps sense fw and ptumps sense rv, while a 322-bp antisense fragment including the region from 1 to 310 bp of ptumps was generated using ptumps anti fw and ptumps anti rv. The vector pPha-T1 was digested by XhoI to remove the zeocin-resistant cassette, followed by a self-ligation. The 485-bp sense fragment was treated by EcoRI and then inserted between EcoRI and EcoRV sites of pPha-T1. The 322-bp antisense fragment was treated by SpeI and KpnI and then introduced between KpnI and SpeI sites of the pPha-T1 vector immediately downstream of the 485-bp sense fragment. This vector was designated as pFcpApptumpsRNAi1.
The vector pFcpApptumpsRNAi1 was introduced into wild-type cells by microprojectile bombardment as described previously. Transformants were plated on F/2ASW plates containing 300 mg L 21 5-FOA and 50 mg L 21 uracil and were allowed to grow for 2 to 3 weeks at 20°C under continuous illumination of PPFD of 50 mmol m 22 s 21 .
Sequence data from this article can be found in the GenBank data libraries under accession numbers AB512669 for ptumps and BC007511 for HUMPS. Accession numbers of sequence data in gene alignment and phylogeny analysis are listed in the legend to Figure 4 and Supplemental Table S1 .
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